Rice is the staple food for the people of arsenic endemic South (S) and South-East (SE) 26 Asian countries. In this region, arsenic contaminated groundwater has been used not only for 27 drinking and cooking purposes but also for rice cultivation during dry season. Irrigation of 28 arsenic-contaminated groundwater for rice cultivation has resulted high deposition of arsenic in 29 topsoil and uptake in rice grain posing a serious threat to the sustainable agriculture in this region.
Introduction

48
Arsenic is the 20 th abundant element in earth crust, and is ubiquitous in the environment 49 (soil, water, air and in living matters) (Tamaki and Frankenberger, 1992) . It has been well ferric iron in the rhizosphere by exuding siderophores to the root-plaque interface (Bar-Ness et 139 al., 1992; Crowley et al., 1992; Crowley et al., 1991; Kraemer, 2004; Romheld, 1987) , which 140 may also render both iron and arsenic bioavailable and uptake in rice plant. Being the strategy II 141 plant, rice roots also exude phytosiderophores in the rhizosphere soil under iron-deficient 142 condition to increase iron bioavailability and uptake (Ishimaru et al., 2006; Romheld and 143 Marschner, 1986). In this case, there is also a possibility of the increase of arsenic bioavailability 144 to and uptake in rice plant. The rice cultivation conditions also favour arsenic uptake in rice plant. 145 Rice is grown in flooded (anaerobic) conditions in which arsenic exists mainly as dissolve 146 As(III) form and is readily taken up from the soil solution by rice plant (Xu et al., 2008) . 147 The arsenic uptake mechanisms in rice is more complicated because of its ability to carry 148 oxygen from the air down to its stem and discharge it in the rhizosphere through the roots 149 (Brammer and Ravenscroft, 2009 ). This creates an oxidized zone around the roots in which iron 150 is oxidized and precipitated to forms a coating (Liu et al., 2006) . Hu et al. (2007) found that 151 sulfur enhances the formation of iron plaque in the rhizosphere and reduces arsenic accumulation 152 in rice. In another study, Hu et al. (2005) observed that the use of phosphate fertilizer decreased 153 iron-plaque formation on rice roots. Although the formation of iron-coating on rice root surface 154 should increase arsenic adsorption, and thus act as an arsenic filter, some studies showed that 155 significant amount of arsenic is taken up by rice plants in this condition too (Meharg and 156 Rahman, 2003). Rahman et al. (2006) also reported high level of arsenic in raw rice (0.57-0.69 µg g -1 d. wt.) 184 collected from Satkhira district, a highly arsenic-contaminated area in Bangladesh. All these 185 studies reveal the subsistence of high arsenic in Bangladeshi raw rice. 186 Total arsenic concentrations in Indian rice, particularly from West Bengal, have been 187 reported in a number of articles (Table 1) wt., n = 133) in Indian white rice. Mondal and Polya (2008) investigated arsenic concentration in 191 rice from some areas of Nadia district, West Bengal. They found that the mean concentration of 192 arsenic in raw rice (the rice were either collected directly from farmers or purchased from local 193 markets) ranged between 0.02 and 0.17 µg g -1 d. wt. with a mean of 0.13 µg g -1 d. wt. (n = 50). 194 This concentration was comparable to that in Bangladeshi rice (0.14 µg g -1 d. wt., n = 10) 195 reported by Das et al. (2004) , but was less than that reported by Williams 
207
Thai rice has also been reported to contain high level of arsenic (Table 1) Table   220 1). All these studies reveal that arsenic concentration in Asian rice is higher than that of other 221 countries. Thus, S and SE Asian rice would be a significant source of dietary arsenic for the 222 population of this area, and also for the population of those countries that import rice from this 223 region. 226 Arsenic concentrations in raw rice varied significantly with its origin, types and cultivars, 227 and even with the growing seasons (Table 1 and 2). Geographical variations in total arsenic 228 concentration in rice have been found from market basket surveys in USA, European Union 229 (EU), Japan, Philippines, Australia, China, Canada, and from S and SE Asian countries (Table 1) . Arsenic concentrations in rice also vary by region within a particular geographical area.
225
Variations in total arsenic concentration in raw rice
250
The USA rice showed significant variations in total arsenic concentration by region (Booth, found to be 0.11 (n = 72) and 0.18 (n = 78) µg g -1 d. wt., respectively. 305 Arsenic speciation in raw rice from different geographical areas is shown in Table 1 . found in cooked rice compared to that in raw rice (Misbahuddin, 2003) . The additional arsenic is 418 supposed to come from arsenic-contaminated cooking water. The increase of total arsenic 419 concentration in cooked rice was resulted either from chelation by rice grains or due to 420 evaporation during the cooking process (Rahman et al., 2011) .
Inorganic arsenic species
421
The effect of arsenic concentration in cooking water on the retention of arsenic in cooked 422 rice is of great relevance to the South Asian countries where arsenic concentration in 423 groundwater used for cooking has been reported to be much higher than the maximum allowable 424 limit by World Health Organization (WHO) (10 µg l -1 ). The total arsenic concentration in cooked 425 rice is claimed to be less than that in raw rice if the cooking water contain low level of arsenic wt.) than that in raw rice (0.25-0.08 µg g -1 d. wt.) ( Table 2 ). Not only the concentrations of 429 arsenic in cooking water but also the cooking methods (the ways the rice is cooked for Arsenic concentration in non-parboiled rice cooked with limited water was 0.75±0.04-441 1.09±0.06 µg g -1 d. wt. (n = 3), which was about 13-37% higher than that in raw rice, and 27-442 60% higher than that in rice cooked with excess water (Rahman et al., 2006 ). In the same study, limited water was about 45% higher than that in rice cooked with excess water. On the other 445 hand, arsenic concentration in parboiled rice cooked with excess water was about 6.59% less 446 than that in raw rice, while its concentration in gruel was about 57.18% higher than that in raw 447 rice. These results elucidate that arsenic concentration in cooked rice is influenced by cooking 448 method, arsenic concentration in raw rice and cooking water. Cooking rice with excess water 449 results in the decrease of arsenic concentration in cooked rice when gruel is discarded, while its 450 concentration increased significantly when rice is cooked with limited water and the gruel is not irrespective to the concentration of arsenic in raw rice and cooking water, which might be 458 because the water soluble arsenic was released from soft cooked rice into the cooking water 459 (gruel) during cooking process, and was discarded with gruel after cooking. But arsenic 460 concentration in cooked rice was found to be increased by 35-40% when arsenic concentration in 461 cooking water was 50 µg l -1 (standard for many developing countries) . (Table 2 ). The increase of total and inorganic arsenic concentrations in cooked rice 473 was depended on As(V) concentration in cooking water as well as on rice types. For example, 474 arsenic concentrations in raw basmati and round white rice were 0.05±0.001 and 0.13±0.008 µg 475 g -1 d. wt., respectively. When these rice were cooked with water containing 0.6 µg l -1 of As(V), 476 total arsenic concentrations in cooked basmati and round white rice were found to be 2.36±0.080 477 and 2.29±0.050 µg g -1 d. wt. of which inorganic arsenic were 96 and 81% of the total arsenic, 478 respectively. In addition, total and inorganic arsenic concentrations were low (1.96±0.01 and 479 1.66±0.002 µg g -1 d. wt., respectively) when the rice was cooked with water containing 0.4 µg l -1 480 As(V) (), and there concentrations were increased (4.21±0.09 and 3.73±0.04 µg g -1 d. wt., 481 respectively) when the rice was cooked with water containing 1.0 µg l -1 As(V) (). These results 482 imply that, in addition to the concentration and speciation in raw rice, arsenic concentration and 483 speciation in cooked rice are also varied for rice type as well as for the speciation and It has been proved that arsenic pollution poses a serious threat to human health. To 489 minimize the health risks of arsenic toxicity, the main concern is to identify the sources of Therefore, rice is supposed to be another major source of arsenic exposure followed by drinking 505 groundwater (Mondal and Polya, 2008; Stone, 2008) . Williams et al. (2006) modeled the 506 possible intake of inorganic arsenic from rice with the equivalent intake from drinking water for 507 a typical Bangladeshi diet. It was predicted that the daily consumption of rice with a total arsenic 508 level of 0.08 µg g -1 d. wt. would be equivalent to a drinking water arsenic level of 10 µg l -1 .
509
Arsenic in rice is a threat to human health not only for its high concentration but also for 510 its speciation. Although previous studies have revealed drinking water as the largest source of 511 inorganic arsenic for humans, rice is also considered to be another significant source of this 512 arsenic species. A number of arsenic speciation studies showed that about 42 to 91% of the total Second to fish and seaweed, rice is the major dietary source of total arsenic (around 34%) 526 for the people of North America and EU (Meharg and Rahman, 2003; Schoof et al., 1999) . The 527 contribution of rice to the dietary intake of arsenic in Bangladesh, where rice is the subsistence 528 food, was modeled by Meharg and Rahman (2003) . They showed that with drinking water intake 529 of 0.1 mg l -1 , dietary intake of arsenic from rice containing 0.1 and 0.2 µg g -1 d. wt. of total 530 arsenic would be around 17.3and 29.6%, respectively. If the grain arsenic concentration was 2 531 µg g -1 d. wt. (the level found in rice from some areas of the country), the contributions would be 532 98, 80, and 30% at drinking water arsenic concentrations of 0.01, 0.1 and 1 mg l -1 , respectively. (Table 3) . (3.67 mg kg -1 d -1 (Tsuji et al., 2007) ). For a fixed consumption of 100 g rice d -1 by a man 590 weighting 60 kg, the median excess internal cancer rate was highest in Bangladesh (22 per 591 10,000 people) followed by China (15 per 10,000), India (7 per 10,000), and Italy and USA (~1 592 per 10,000). It was speculated from this estimation that the median cancer risk from arsenic-rich 593 rice was about 200, 150, and 70 times higher than the WHO standard (1 per 100,000 people) for 594 Bangladesh, China, and India, respectively. Using a probabilistic risk assessment, Mondal and 595 Polya (2008) projected that the contributions of drinking water and cooked rice to median total 596 risk for the population of Chakdaha block, Nadia district, India would 48 and 8%, respectively.
597
Thus, arsenic-rich rice would be a potential health risk for the population of arsenic-affected S 598 and SE Asia, particularly in Bangladesh and West Bengal.
599
Another important concern relevant human health is the increase of total and inorganic 600 arsenic concentrations in cooked rice. The increased arsenic in cooked rice comes mainly from 601 arsenic-contaminated cooking water. Therefore, it is important to investigate and justify the 602 bioavailability and bioaccumulation of arsenic species from rice. Unfortunately, information on 603 this issue is very limited. Researchers should focus their efforts in this issue to estimate the real 604 health hazard of arsenic from rice diet. 2: Arsenic concentrations (µg g -1 d. wt.) in raw and cooked rice from different countries, and the contribution of arsenic concentration in 860 cooking water on total and inorganic arsenic content in cooked rice 861
Country
Rice type As in cooking water (µg ml -1 )
Total As Inorganic As (total)
Inorganic As (%) Table 3 : Total and inorganic arsenic concentrations (µg g -1 d. wt.) in rice grain, and the contribution of inorganic arsenic to the WHO's provisional 868 maximum tolerable daily intake (MTDI) of arsenic for humans (2.1 µg d -1 kg body wt -1 , (Williams et al., 2006) ). The MTDI is based on total 869 grain arsenic concentration, a body weight of 60 kg, a consumption rate of 0.5 kg rice d -1 , inorganic arsenic content (%), and bioavailability 870 of inorganic arsenic in cooked rice (90% (Laparra et al., 2005) ). 
